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Abstract 
 
Atmospheric pollution levels in China are increasing quickly. Experience from other polluted regions 
shows that tree growth could be affected, but long-term effects of N deposition and soil acidification on 
Chinese forests remain mostly unknown. Soil acidification and N deposition were simulated for Chinese 
fir plantations in Southeast China. A factorial experiment combined four levels of rain pHs (2.5, 4.0, 5.6 
and 7.0), four N deposition rates (1, 7.5, 15 and 30 kg N ha
-1
 y
-1
) and two site qualities (poor and rich 
sites), managed for 3 consecutive 20-year rotations. Results indicate atmospheric pollution effects are not 
immediate, but after 1 to 2 rotations soil acidification effects could reduce ecosystem C pools significantly 
(-25% and -11% in poor and rich sites, respectively). N deposition rates above 15 kg N ha
-1
 y
-1
 could 
offset some of the negative effects of soil acidification and led to more ecosystem C (19 and 28 Mg C ha
-1
 
more in poor and rich sites than in low N deposition). However, at high N deposition rates (>15 kg N ha
-1
 
y
-1
), N leaching losses could greatly increase, reaching 75 kg N ha
-1
 y
-1
. Moderate N deposition could 
increase tree biomass production and soil organic mass, resulting in increased ecosystem C, but these 
gains could be associated to important N leaching. Atmospheric pollution could also result in the long-
term in nutrient imbalances and additional ecological issues (i.e. biodiversity loss, eutrophication, etc.) not 
studied here. 
 
Key words: N deposition, Cunninghamia lanceolata, FORECAST model, sustainable forest management, 
atmospheric pollution, C sequestration. 
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Introduction 
Concern about the possible effects of acid rain in China emerged in the late 1970s (Fan and Wang 2000), 
with the first reports appearing in the international literature in the 1980s (Zhao and Sun 1986). In the 
southern part of the Yangtze River basin precipitation since the late 1980s has been found to have average 
pH between 3.5 and 4.8 (An et al. 2001). As a consequence, forest soils in southern China have become 
more acidic during the last decades (Fan and Wang 2000). A major cause of acid rain in China is the 
release of SO2 from the extensive combustion of coal, which accounted for 69% of the energy production 
in 2006. Although the Chinese authorities have set regulations to reduce acidic pollution from the energy 
sector, based on the increasing trends of energy consumption in the future and the high investment needed 
for desulfurization, it is expected that the severity and area affected by acid deposition in China will 
continue to increase (Zhao et al. 2009). 
 
Southern China also has some of the highest nitrogen deposition rates in the world, with rates similar to 
central Europe and eastern North America (Du et al. 2008). Usual values range from 7 kg N ha
-1
 y
-1
 in 
rural areas to 30 kg N ha
-1
 y
-1 
in industrial areas, reaching in particular locations 50 kg N ha
-1
 y
-1
 and above 
(Chen and Mulder 2007). The majority of anthropogenic NH3 in China is emitted from industrial activities, 
N fertilizers and animal excreta (Zhang et al. 2010), whereas NOx emissions are derived mainly from 
fossil fuel combustion processes including power plants, transportation and industry (Streets and Waldhoff 
2000). By 2005, ammonia emissions had doubled, and NOx emissions had increased by a factor of 4 
compared to 1980 (Zhao et al. 2009). The Chinese authorities have established a plan to reduce N 
emissions, but the quick increase in the number of vehicles and the intensification of agricultural and 
industrial activities will likely increase the levels of N deposition in the near future (Larssen et al. 2006). 
If this trend continues, N deposition could make a larger contribution to acid rain than sulfuric deposition 
in China in the near future (Liu et al. 2010a).  
 
Nitrogen deposition can increase cation leaching from forest soils, decrease soil buffering capacity, and 
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contribute to soil acidity in two ways: direct effects of nitric acid, and nitrification of ammonia in soil, 
which generates hydrogen ions. Soil acidification and N deposition could have important implications for 
forest productivity. Reductions in growth at stand-level due to acid rain in heavily polluted areas have 
been reported, first in central Europe and east North America and nowadays also in southeast China (Bäck 
et al. 1995). However, clear evidences of physiological damage at tree or leaf level are limited to lab 
experiments or sites with severe defoliation (Kennedy 1992). On the other hand, moderate N deposition 
could enhance tree grow but increase tree mortality, nutrient leaching and eutrophication of forest streams 
(Liu et al. 2010b, Thomas et al. 2010).  
 
It has been reported that increasing N availability by N deposition has outweighed soil acidification 
caused by acid rain in some European (Emmett et al. 1998) and North American forests (Thomas et al. 
2010), but little is known about Asian forests (Fujimaki et al. 2009). Also, acidification impacts are not 
immediate, and it may be possible that increased N availability may not necessarily offset acidification 
impacts in the long-term. Solberg et al. (2004) estimated that forest growth in Norway under 
anthropogenic N deposition could increase by 25% in spite of being accompanied by acid rain.  
However, most of the research done on the effects of atmospheric pollution on tree growth has been 
carried out in western and northern Europe or eastern U.S.A., regions with temperate climates, temperate 
tree species, and a history of gradual increase in atmospheric pollution following a century of industrial 
and urban development. These studies are not directly transferable to south-eastern Chinese forests as they 
are composed by sub-tropical fast-growing species growing in a monsoon climate and experiencing a 
short but intense history of atmospheric pollution. These facts could produce interactions between trees, 
plants and soil different to the ones reported for previous regions, justifying the need for research 
specific to Chinese forests. 
 
In spite of the important potential effects of acidic pollution in forests, little information exists on its long-
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term consequences on forest ecosystems in China or in other subtropical and monsoon regions (Larssen et 
al. 2006). Furthermore, the usual short-term experimental data available in China and the lack of studies 
on the interactions with other factors have restricted conclusions on long-term consequences of acid and N 
pollution at ecosystem level (Du et al. 2008). Therefore, it is necessary to study the interaction of both 
types of ecological effects of pollution (N deposition and soil acidification) and their combined effects on 
Chinese forests. This is especially important in SE China, where the Yangtze basin is one of the most 
important areas of timber production in the country, especially with Chinese fir (Cunninghamia lanceolata 
(Lamb.) Hook.) plantations. 
 
Several biogeochemical models have been used before to estimate the impacts of atmospheric pollution 
(Reinds et al. 2009, Ito 2007, Posch and Reinds 2009; among others), but these models only have a 
simplified representation of vegetation (Bonten et al. 2009) and therefore they are not suitable to explore 
the interactions between N deposition, soil acidification and forest management. On the other hand, 
several process models have been developed to simulate the effects of acid rain in forest ecosystems (i.e. 
Belanger et al. 2002, Hartman et al. 2007), but they are very data-intensive, which makes them unsuitable 
for forest management applications (Kimmins et al. 2008). As a consequence, one of the best tools to 
study these impacts are ecosystem-level forest management models. Among them, the FORECAST model 
(Kimmins et al. 1999) has been successfully tested and used before in several types of forest (Blanco et al. 
2007, Seely et al. 2010), including tropical and subtropical plantations (Bi et al. 2007, Blanco and 
González 2010 a, b). FORECAST offers a detailed simulation of the vegetation and soil processes 
involved in tree growth and N cycles, and given its relatively low data requirements to simulate the 
biogeochemical processes in the soil, it can be used at operational scale with some modifications to 
explore interactions between forest management, atmospheric deposition and soil acidification. The model 
has been specifically designed to examine the impacts of different management strategies or ecological 
disturbance regimes on long-term forest productivity and carbon sequestration through a nutrient balance 
approach, and it simulates both vegetation and soil processes. Using this model, we explored the 
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sensitivity of Chinese fir plantations to long-term chronic N deposition and soil acidification, and their 
effects on tree biomass production.  
 
2. Material and Methods 
2.1. Chinese fir forest areas in southeast China 
Chinese fir is a subtropical species, natural from the humid mixed subtropical evergreen forests in SE 
China. Chinese fir is one of the most important timber tree species in China, accounting for 60-80% of the 
total area of timber plantations in SE China and one-third at national level, with a total planted surface 
exceeding 9.21 million hectares (Tian et al. 2011), and a production of 11.4 million m3 yr-1 or 20-25% of 
the national commercial timber output (Lu et al. 2002). Its central distribution area is located in Zhejiang, 
Jiangxi, Hunan and Fujian provinces, where the climate is subtropical humid monsoon, with annual 
temperatures averaging between 15 to 23°C and annual precipitation of 1,100 - 2,000 mm, increasing from 
NW to SE. However, Chinese fir can be found in 14 provinces of China, in the region of approximately 22 
to 34°N and 102 to 123°E (Wei et al. 2012). Soils are usually red soils (lateritic clay-dominated Ferrisoils), 
but they can have very different parent materials. Chinese fir is moderately nutrient demanding and it 
absorbs soil N preferentially as nitrates (Zhong and Hsuing 1993). In this warm and humid sub-tropical 
monsoon climate, N is usually the growth limiting factor. Chinese fir growth responds to N fertilization in 
mid and late rotation (Li et al. 1993). Chinese fir is moderately sensitive to acid rain, with its volume 
being reduced by 25 to 56% when rain pH is lower than 4.5 (Feng et al. 2002).  
 
The documented history of Chinese fir cultivation can be traced back more than 1,000 years (Wu 1984). 
Traditionally, Chinese fir plantations were established after native evergreen broad-leaved forests were 
harvested and slash-burned, commonly planted on slopes of more than 20%, gentler lower slopes 
generally being used for agriculture. Slopes were sometimes terraced and intercropped with food plants 
before canopy closure. However, since the 1950s, the plantation area of Chinese fir has been enlarged, and 
this species has been repeatedly planted on the same sites without intercropping or periods of fallow. In 
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modern plantations, site preparation includes slash-burning and tillage to a depth of 20-30 cm, and initial 
stocking rates of 2500-3600 stems ha
-1
 (Orwa et al. 2009). In some areas litter raking for cattle bed and 
feedstock is still common, although this practice has been discouraged and is quickly being abandoned. 
Tending of young seedling stands is carried out 2-3 times during the growing season in each of the first 3 
years after planting. Pruning is not usually practiced, as the lower branches eventually self-prune after 
canopy closure. Two to three thinning are done during the rotation period according to initial density and 
growth. About 1500 trees ha
-1
 are retained as a final crop (Orwa et al. 2009). Chinese-fir is a fast growing 
species which can reach a level of timber production in monoculture plantations of 450 m
3
 ha
-1
 at final 
harvest age of 25-30 years. Average mean annual increments are 12 to 17 m3 ha-1, at age 20 year, but this 
species has the potential to reach 20 to 25 m
3
 ha
-1
 (Jiang et al. 1982).  Farmers have generally used a 25-
year rotation, with variation from 20 to 30 years depending on site quality (Wu 1984), and presently the 
tendency is towards 20-year rotations. However, some plantations in Fujian are being harvested as young 
as 17 years, a trend driven by the increasing demand for timber due to economic development and 
population increase. At present, most Chinese fir plantations are in the second or third rotation on the 
same sites; some are thought to be in even later rotations, but this is difficult to confirm due to lack of 
documentation (Bi et al. 2007).  
 
2.2. FORECAST model description 
The model FORECAST has been described in detail before (Kimmins et al. 1999, 2010) and therefore 
only a summary is presented here. FORECAST operates at stand level and annual time steps. The 
projection of stand growth and ecosystem dynamics is based on a representation of the rates of key 
ecological processes regulating the availability of, and competition for, light and nutrient resources. The 
rates of these processes are calculated from a combination of historical bioassay data (biomass 
accumulation in component pools, stand density, etc.) and measures of certain ecosystem variables (e.g. 
decomposition rates, photosynthetic saturation curves, etc.) by relating biologically active components 
(foliage and small roots) with calculations of nutrient uptake, capture of light, and net primary production.  
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An exhaustive description of the input data requirements can be found in Kimmins et al. (1999). First, 
calibration data are assembled that describe the accumulation of biomass (above and below-ground 
components) in trees and minor vegetation for chronosequences of stands developed on sites that vary in 
nutritional quality. Tree biomass and stand self-thinning rate data are generated from the height, diameter 
and stand density from historical growth and yield records in conjunction with species-specific biomass 
allometric equations. To calibrate the nutritional aspects of the model, data describing the concentration of 
nutrients in the various biomass components are required. FORECAST also requires data on the degree of 
shading produced by different quantities of foliage and the response of foliage to different light levels. A 
comparable but simpler set of data on minor vegetation must also be provided. Also, data describing the 
rates of decomposition of various litter types and soil organic matter are required for the model to simulate 
nutrient cycling. Data are obtained from literature, field measurements, or other empirical models
1
. The 
second stage of calibration requires establishing the initial site conditions by simulating the known or 
estimated natural disturbance and/or management history of the site. At this stage, the model is run 
without accounting for nutrient availability to accumulate vegetation, litter and soil organic matter 
following the historical patterns of accumulation (for a detailed description of this process see Blanco et al. 
2007). 
 
The carbon and nitrogen cycles are linked through the use of the foliar nitrogen efficiency (amount of 
biomass generated in a year per kg of foliar N) as the driving function of the model. Therefore, a 
limitation in N uptake will result in a reduction of foliar N, reducing biomass produced by the trees. 
Nutrient uptake demands on sites of different N fertility are based on observed biomass accumulation rates 
and tissue nutrient concentrations on these sites, allowing for internal cycling of nutrients. The calculated 
uptake demand needed to support the historical growth rates on sites of different productivity permits a 
definition of nutritional site quality, assuming that moisture is not the major limiting factor in the humid 
                                                 
1
 See Supporting Information for a list of sources and values used for parameter calibration (Table S.1). 
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climate that characterizes the Chinese fir region. Soil fertility in FORECAST (i.e. availability of limiting 
nutrients, N in this case) is represented based on empirical input data describing litter and humus 
decomposition (mass loss) rates, changes in chemistry as decomposition proceeds, and the size of nutrient 
pools in the mineral soil and humus (cation exchange capacity [CEC] and anion exchange capacity [AEC], 
respectively). Decomposition rates and ammonium/nitrate ratios in the soil solution are calibrated for each 
site quality. These parameters implicitly simulate the effects of soil microorganisms on soil organic matter 
and N transformations. 
 
Nitrogen cycling in FORECAST is based on a mass balance approach where N can exist in three distinct 
pools: 1) the plant biomass pool; 2) the available soil nutrient pool, and 3) the soil organic matter/forest 
floor pool. Inputs and outputs of N to the ecosystem are simulated in a four-stage process for each annual 
time step
2
. The “available N” pool in FORECAST can be assimilated to represent the interchangeable N 
present in the soil during one year as NH4
+
 , NO3
-
 or labile organic N fractions with turnover rates shorter 
than one year. Effects of atmospheric pollution are simulated using a semi-empirical approach
3
. N 
deposition is simulated as a constant annual N flux that directly reaches the soil solution and is 
incorporated into the available N pool. No mechanistic representation of H
+
 or S cycles is included in the 
soil submodel. Rather, the observed empirical effects of different rain pHs on soil and vegetation are used 
to modify the related parameters in the model.  
 
2.3. Simulation of the effects of soil acidification, atmospheric N deposition and forest management 
regimes 
A factorial virtual experiment of 4 N deposition levels combined with 4 rain pHs was designed to explore 
the limits of the stand-level ecological responses of Chinese fir plantations. Total (dry + wet) N deposition 
rates simulated at each site were 1, 7.5, 15 and 30 kg N ha
-1
 y
-1
. These levels were based on reported 
                                                 
2
 See Figure S.1 in Supporting Information. 
3
 See Figure S.2 in Supporting Information. 
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deposition along southeast China. Pre-industrial pollution levels of N deposition are considered to be 
around 1 kg N ha
-1
 y
-1
. A level of ~7 kg N ha
-1
 y
-1
 is the average deposition in areas with slight industrial 
development. In heavily industrialized areas, levels ranging from 9 to 50 kg N ha
-1
 y
-1
 have been reported, 
with 30 ha
-1
 y
-1
 being the most common (Chen and Mulder 2007, Ma et al. 2007). In our scenarios, a level 
of 1.0 kg N ha
-1
 y
-1
 corresponds to non-human influence, 7.5 kg N ha
-1
 y
-1
 simulates human settlement but 
no industrial development, 15 kg N ha
-1
 y
-1
 corresponds to light industrialized areas, and 30 kg N ha
-1
 y
-1
 
represents highly industrialized areas.  
 
The acidification scenarios were defined to mimic the ecophysiological effects at stand level caused by 
four different rain pHs as observed in greenhouse experiments. A more detailed description of the 
experimental design and results and a summary of the main results can be found in Li (2010), Lu (2010) 
and Liu et al. (2010b)
4
. The pH of 5.6 was considered as the natural rain pH in this region. The pH of 4.0 
was considered to be representative of the areas with high atmospheric pollution. In addition, the other 
two extreme pH values were chosen as a sensitivity test of the limits of these plantations to extreme 
changes in rain pH. The lowest value (pH 2.5) is unlikely to be widespread even in a more industrialized 
future, but it has already been reported in particular cases in the proximity of industrial centers (Chen and 
Mulder 2007, Ma et al. 2007). The highest value (pH 7.0) it is also uncommon, but it has been reported in 
areas receiving the deposition of alkaline dust, which in east China could be especially important after 
sandstorms originated from the Gobi desert area, which are becoming more frequent (Wang et al. 2007).  
 
The empirical studies at ZAFU by Li (2010), Lu (2010) and Liu (2010b) were complemented with 
descriptions of soil acidification effects on Chinese fir by Shan and Feng (1988), Liao et al. (2000) and 
Yuan et al. (2007). All these authors reported changes in the four parameters calibrated in FORECAST to 
simulate soil acidification: CEC, root biomass, litter decomposition rates and ratio NH4
+
/ NO3
-
 in the soil 
                                                 
4
 A detailed description of the greenhouse experiments at ZAFU can be found in the Supporting Information. 
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solution
5
. Changes in these variables were caused by mobilization of Al
3+
, and increased presence of H
+
 
and other cations. We did not simulate direct damage of acid rain on leaves and stems as no foliar leaching 
or other physiological damage was detected at the greenhouse experiments even for the lowest pH. 
Therefore, our simulation of soil acidification is empirical, whereas the simulation of N deposition is 
mechanistic. The use of this approach allows to simulate the observed effects at the same time that the 
complexity and uncertainty related to unknown parameters remain low (Kimmins et al. 2008). We 
consider that this assumption is valid to simulate the conditions in our sites as the changes in the soil 
variables observed in the greenhouse studies integrate the soil chemical processes linked to soil 
acidification. However, we acknowledge that this methodology prevents FORECAST from being used for 
similar studies in forest ecosystems for which preliminary field studies are not available. 
 
Simulations were carried out for a poor site (dominant tree height or site index 18 m at year 50) and a 
medium-rich site (site index 24 m at year 50). Initial conditions for each site are presented in Table 1. 
Forest management was simulated following the standard practices in the area: 2-year old seedlings 
planted with a stand density of 3,000 stems ha
-1
, and stem-only harvest at year 20. Model performance for 
the good site was evaluated against independent field data described by Tian (2003) and Rong et al. 
(2008) for plantations in Fujian and Guangxi provinces with the same site index (26 m at year 25). No 
validation was possible for the poor site as no reliable records could be found for this type of sites. Several 
indexes of goodness-of-fit were used: average bias, mean absolute error, determination coefficient r2, 
Reynolds’ critical error, Theil’s inequality coefficient and modeling efficiency (Blanco et al. 2007). The 
performance of FORECAST when simulating N fluxes such as deposition and fertilization and their 
effects in the forest ecosystem has been successfully tested before (see Blanco et al. 2007) and therefore it 
was not re-evaluated here. 
 
3. Results 
                                                 
5
 See Supporting Information Table S.2. 
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FORECAST performed acceptably well, with high model efficiency and r2 values indicating a high level 
of agreement between observed and predicted values (Table 2). However, model predictions were better 
for the first half of the rotation (until year 25), and there was a slight tendency thereafter to underestimate 
aboveground biomass and forest litter mass (Figure 1), generating a small negative average bias (Table 2). 
As the factorial experiment was carried out simulating 20-year rotations, this issue did not influence the 
results. The model was also able to simulate long-term changes in soil variables such as soil organic 
matter content or C:N ratio following several rotations (Figure 1).  
 
Accumulated harvested biomass after three rotations (60 years) was influenced by the interaction of site 
quality, N deposition rate and rain pH. At the poor site, very acidic rain (pH 2.5) reduced harvested 
biomass by up to 48 or 40% in moderate N deposition scenarios (1 or 7.5 kg N ha
-1
 year
-1
). However, 
under higher N deposition rates (15 or 30 kg N ha
-1
 y
-1
) harvested biomass was reduced by 19% (Figure 2). 
Biomass reductions at the rich site were smaller. The maximum values of accumulated biomass 
productivity (419 Mg ha
-1
) were achieved at the poor site only when rain pH was above 4.5 and N 
deposition rate was 15 kg N ha
-1
 y
-1
 or higher (Figure 2). Below those bounds, stand productivity was 
greatly reduced. On the other hand, at the rich site there was a steady increase in accumulated harvested 
biomass with increasing rain pH and N deposition rates, reaching 583 Mg ha
-1
 after three rotations. 
However, to obtain the same productivity with rain pH lower than 5.0, N deposition had to be higher than 
15 kg N ha
-1
 y
-1
 (Figure 3). The maximum amounts of nutrients removed in 60 years with the accumulated 
harvested biomass were 232 kg N ha
-1
, 465 kg Ca ha
-1
, 241 kg K ha
-1
, 67 kg Mg ha
-1
 and 213 Mg C ha
-1
 at 
the poor site, and 354 kg N ha
-1
, 646 kg Ca ha
-1
, 335 kg K ha
-1
, 93 kg Mg ha
-1
 and 295 Mg C ha
-1
 at the 
rich site
6
. 
 
Acid rain made little difference in harvestable volume at the poor site and its effect was smaller than N 
deposition. Changes in N deposition could bring site productivity from close to zero volume produced in 
                                                 
6
 See Supplementary info for calibration sources on nutrient concentrations. 
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60 years up to 400 m
3
 ha
-1
 when deposited N was 25 kg ha
-1
 y
-1
 or more. On the contrary, at the rich site, a 
combination of both high deposition rates and high rain pH was needed to produce the maximum 
accumulated harvestable volume after three rotations (Figure 2). 
 
Soil organic matter accumulated faster under acid rain (Table 3, Figure 4). The combined reductions of C 
in aboveground biomass and in SOM were also translated into a reduction in total ecosystem C (Figure 5). 
The effect of soil acidification depended on the rate of N deposition, but it reduced ecosystem C up to by 
25% at the poor site and 19% at the rich site (Table 3). Soil acidification also influenced the amount of N 
being leached out of the Chinese fir plantations at the poor site, with the lowest losses predicted at pH 4.5 
and low N deposition rates (Figure 6). However, the effect size of rain pH on the magnitude of N leaching 
losses was smaller than the effect size of N deposition rates (Figure 6). Accumulated N leaching losses 
were much more sensitive to increases in N deposition than to decreases in rain pH at both sites. The 
maximum values were obtained for the combination of the highest N deposition rates and rain pH (Figure 
2). Leaching losses concentrated at the beginning and end of each rotation, and increased through time 
(Figure 6). 
 
4. Discussion 
4.1. Effects of atmospheric pollution on biomass production 
Our results indicated that the N fertilization effect is the major driver for forest growth at these plantations, 
and the soil acidification effect is comparatively rather small. However, the generalization of this 
statement for other forest ecosystems should be avoided, given the shortcomings of our empirical 
approach to model acid rain effects (see section 4.2). Rain pH values lower than 4.0 are unusual in most of 
southeast China (Du et al. 2008, Fan and Hong 2001), and they have been reported only in the vicinity of 
main polluting sources (Fan and Wang 2000). As direct physical damage by acid rain on plant tissues has 
not been observed at pH values higher than 3.5 (Kennedy 1992, Liu et al. 2010b), the expected influence 
of acid pollution in this region will be produced by indirect effects on ecosystem productivity as the ones 
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simulated here. However, acid pollution could produce significant changes at stand level even at pHs 
above the levels of visible leaf damage, accounting for significant reductions of harvested biomass and 
timber volume, and depletions of ecosystem C capital. 
 
Ecosystem productivity could be affected by reductions in the availability of N, the limiting nutrient in 
these forests (Li et al. 1993, Liao et al. 2000). Acid rain can inhibit microbial and microfaunal decomposer 
communities, and as a consequence litter consumption is reduced, leading to litter accumulation (Kennedy 
1992). The reduction in litter consumption results in less N being mineralized and released to the soil 
solution (Blanco et al. 2011) and therefore N availability for Chinese fir is reduced. In addition, Chinese 
fir litter has low quality (i.e. high C/N ratio; Bi et al. 2007), and with the increase in C sequestered more N 
will be immobilized in the litter layer. Ouyang et al. (2008) also described maximum soil C with pH 4.0 in 
south China. These authors pointed out that acid rain could influence mineralization of organic C in acid 
soils by changing factors such as soil organic C, and N status. Furthermore, if the relative abundance of 
NH4
+
 in the soil solution keeps increasing due to atmospheric pollution (Yuan et al. 2007), there could be 
a reduction in the relative abundance of nitrate in the soil solution, the N form preferred taken up by 
Chinese fir. Moreover, soil acidification decreases CEC and base saturation. All these phenomena 
combined reduce the amount of available N that can be stored in the soil pool, therefore reducing N 
availability for tree uptake and increasing N limitation. Soil acidification also causes fine root mortality (5 
to 10% biomass reduction; Li 2010, Lu 2010, Liu et al 2010b). This reduction results in less soil being 
explored and colonized and therefore less soil N used for tree uptake.  
 
Our results support the hypothesis that in Chinese fir plantations some of the negative consequences of 
soil acidification on nutrient availability and limitation to tree growth could be balanced out by N 
deposition. Rates of 30 kg N ha
-1
 y
-1
 reduced most of the simulated negative effects on nutrient availability 
caused by acid rain. This N pollution can actually work as fertilization, increasing tree growth for several 
years, although this effect may disappear in the long term (Bäck et al. 1995). Forests in SE China are 
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developed on old nutrient-poor acid soils (Fan and Hong 2001). Although Chinese fir is adapted to these 
poor soils, it can take advantage when this limitation is eased by N deposition, even if soil acidification 
reduces CEC. This phenomenon can have dramatic effects in the poor sites, which could double their 
timber production, increasing the amount of C that could be sequestered by these forests (Wei et al. 2012). 
Similar counterbalancing of acid effects by N deposition has been reported before in northern Europe 
(Nellemann and Thomsen 2001). However, chronic N input could also reduce the role of N as a tree 
growth limiting factor and therefore making other nutrients such as P to become limiting (Blanco et al. 
2005, Braun et al. 2010), and cause nutrient imbalances, and chemical and microbial changes in the soil 
that could lead to dieback. This phenomenon has not been reported for Chinese fir yet, but it may deserve 
additional consideration in future research as it could educe growth response to N deposition. Moreover, N 
deposition is intrinsically linked to acid rain and therefore the most realistic scenarios under increased 
atmospheric pollution are the ones that combine high N deposition rates with low rain pHs.  
 
On the other hand, high N deposition rates could have a clear negative environmental effect: important 
increases in N leaching out from the forest soil. N leaching losses are expected only at the first few years 
of each rotation for pre-industrial N deposition rates. These loses are generated when the slash produced 
during conversion of natural mixewoods into plantations decomposes. However, if annual N deposition 
rates are higher than 7.5 kg ha
-1
, leaching losses quickly increase and is observed along the whole rotation. 
This could have consequences for stream water quality, eutrophication, changes in biodiversity of river 
and lakes, and reduction of suitable sources of drinking water for human and animal consumption. This 
phenomenon has been reported before in other regions (Smith 1990), and it is a consequence of forests 
reaching the N saturation state (Aber et al. 1998). Although acid rain could increase N sequestration in the 
SOM, this effect could be not enough to significantly reduce N leaching. Similarly, it has been 
hypothesized that high litter C/N ratios, such in Chinese fir litter, could prevent N leaching (Yoh 2001), 
but it seems that this is only true in Chinese fir plantations for moderate or low N deposition rates.  
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Our results indicate that a deposition rate of 30 kg N ha
-1
 y
-1
 could produce a saturation of the forest (N 
leached exceeding N inputs) relatively fast, after just one rotation (20 years). This is a level of N 
deposition similar to the ones reported as causing other forest soils to become N-saturated (Braun et al. 
2010). Considering that in some areas of southeast China these deposition rates have been recorded since 
the beginning of China’s industrialization in the early 1980s, it is likely that effects on N saturation in 
Chinese fir forests could be apparent in the near future, even though intensive forest management 
practices in Chinese fir plantations have usually lead to reductions in ecosystem N capital (Bi et al. 2007). 
However, in poor sites, lower deposition rates of 15 kg N ha
-1
 y
-1
 but sustained for several decades could 
also producer N saturation of the ecosystem, as the plateau on biomass productivity in Figure 2 shows. 
Soils in the coastal provinces of Zhejiang, Fujian, Guangdong and Guangxi could reach the N saturation 
conditions faster than in other regions of the world, as they have been identified as especially sensitive due 
to their small buffering capacity and slow mineral weathering rates (Smith 1990, Tao and Feng 2000). Our 
simulations show that under the high levels of N deposition already reported in SE China, some Chinese 
fir plantations could leach out important amounts of N in just one or two rotations (20 to 40 years). This is 
in agreement with the first reports of N-saturated forests in China (Fang et al. 2009).  
  
4.2. Simulation limitations 
The good agreement between observed and simulated variables provided by the evaluation tests gives 
confidence on our results. Our projections of leaching losses during the stand growing stage are also 
similar to reports from Chinese forests (Fang et al. 2011) and the peaks following harvesting are in the 
same range as values reported for other tropical plantations (Mackensen et al. 2003). However, as in any 
modeling exercise, there are some limitations. Long-term data on the effects of acid rain and N deposition 
in China are scarce (An et al. 2001) and we have not found any report on its effects on foliar N for 
Chinese fir. Therefore, we have kept foliar N concentrations unaffected by changes in atmospheric 
pollution. Empirical research supports this approach (Aber et al. 1989, Liu et al. 2010b). However, reports 
for other species have shown a positive correlation between N deposition rates and foliar N (Flückiger and 
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Braun 1998). If the same effect would be true for Chinese fir, this effect could produce a reduction in N 
leached as more N would be retained in the foliar biomass, although the significance of this reduction 
would depend on the change in foliar N concentration. Similarly, no acid rain effects on diseases or pests 
have been included due to lack of observations of these phenomena in Chinese fir plantations. However, 
an increase in disease and insect attacks caused by atmospheric pollution has been suggested for other 
species (Flückiger and Braun 1998). If similar events happened in Chinese fir plantations, tree growth 
would be lower than predicted and therefore part of the fertilization effect of N deposition would be lost, 
increasing the negative effects of soil acidification. Finally, our assumption of no direct physiological 
damage of acid rain on trees for the lowest pH, based on the empirical observations by Li (2010) and Liu 
(2010), remains to be tested in field conditions from which no reports have been found. If physiological 
damage is in fact produced, tree growth would be lower than estimated here. However, this condition 
would affect only the few remaining forests close to the large industrial and urban centers where 
exceptionally low rain pH has been reported (Chen and Mulder 2007, Ma et al. 2007). 
 
Under continuous acid rain a reduction in soil pH would be expected, producing a mobilization of Al
3+
 
that would displace other base cations from the soil solution, and therefore increasing their leaching losses 
and reducing CEC (Smith 1990). At the same time, this could increase the leaching of base cations, which 
if significant could produce in the long term limitation of other nutrients rather than N. Due to its toxicity, 
Al
3+
 can also reduce decomposition and affect root growth, increasing nutrient limitation for trees (Mulder 
et al. 2001). As indicated above, we have not directly simulated these effects because no reports have 
mentioned them in Chinese fir plantations yet. In absence of accurate parameters it is preferable to keep 
model complexity low to reduce uncertainty (Kimmins et al. 2008). However, our parameterization of soil 
variables was based on empirical observations that intrinsically included these phenomena. In addition, 
biomass removal has been identified as a cause for soil acidification due to the permanent removal of base 
cations (Thiffault et al. 2011). However, this issue is likely limited in our conditions, as we have simulated 
stem-only harvesting, which extracts a maximum of 772 and 1074 kg ha
-1
 base cations after 60 years of 
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management. These amounts are compensated by the atmospheric Ca deposition, which in this region 
could reach values of 960 to 1920 kg ha
-1
 in the same 60-year period (Larssen et al. 2011). Finally, soil 
acidification generally reduces nitrification and denitrification and therefore reduces nitrate leaching and 
gaseous N2 emissions. As denitrification is not explicitly simulated in FORECAST but assumed to be 
included in the estimated leaching losses, this effect could produce leaching losses lower than simulated 
(Kimmins et al. 1999). However, as the more severe soil acidification would be joined to the higher N 
deposition rates, this issue would likely be minor. 
 
4.3. Conclusions 
Chronic anthropogenic N deposition could provide the nutrients needed by Chinese fir plantations to 
offset the losses of N availability caused by soil acidification, and even produce a fertilizing effect that 
could increase ecosystem productivity. On the other hand, very acidic precipitation combined with low N 
deposition (a potential future scenario in which N pollution is reduced but sulfuric pollution is increased) 
could produce important reductions on ecosystem productivity and C capital. Other negative effects of 
atmospheric pollution would be high N leaching losses. It is important to mention that this paper discusses 
only the effects on biomass production. As there are other ecosystems that could be more sensitive to N 
than these plantations, we warn against an extrapolation of our results to other forest types. In addition, 
our virtual experiment demonstrates that linking modeling studies of forest management with estimations 
of air pollution effects can provide valuable information to design better strategies to adapt forest 
management to the challenges of rapid industrialization in this area. All things considered, there is also a 
strong need to set up networks of research sites in this region to fill the knowledge gap related to long-
term effects of atmospheric pollution in Chinese forests. 
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Tables 
Table 1. Initial conditions for simulations (values at year zero). 
 
Variable Poor site Rich site 
Site index (top height in m at year 50) 18.0 26.0 
Forest floor mass (Mg ha
-1
) 24.05 49.31 
Humus mass (Mg ha
-1
) 59.73 73.07 
Belowground C (Mg ha
-1
) 37.74 122.52 
Available soil N (kg ha
-1
) 139.19 202.62 
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Table 2. Indexes of FORECAST performance for simulations of 50-year rotations compared with field 
data by Tian (2003) and Rong et al. (2008). e*: value of Reynolds’ critical error at two different levels of 
confidence (95% and 80%). 
 
Measurement of  
model performance 
Top  
height 
Dominant  
DBH 
Aboveground  
biomass 
Forest floor  
litter mass 
Average bias 0.66 m -0.47 cm -5.89 Mg ha
-1 
0.01 Mg ha
-1 
Mean absolute deviation 1.01 m 0.98 cm 11.38 Mg ha
-1
 0.59 Mg ha
-1
 
r2 0.97 0.96 0.95 0.82 
Theil’s inequality coefficient 0.07 0.07 0.13 0.21 
Modelling efficiency 0.96 0.92 0.95 0.85 
e* (α = 0.05) 1.63 m 1.69 m 21.91 Mg ha-1 1.03 Mg ha-1 
e* (α = 0.20) 1.23 m 1.27 m 15.94 Mg ha-1 0.78 Mg ha-1 
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Table 3. Values of average ecosystem C and soil organic matter (SOM) at rotation end for different 
combinations of rain pH and N deposition rates in two sites of different quality (Poor site: top height 18 m 
at year 50; Rich site: 24 m). Percentages are referred to the value for pH 5.6 for each N deposition rate.  
Site Quality Rain pH 
N deposition rate Ecosystem C SOM 
kg ha
-1
 y
-1
 Mg ha
-1
 % Mg ha
-1
 % 
Poor 2.5 1.0 56.2 75 65.6 99 
  7.5 74.9 80 73.5 102 
  15.0 86.5 76 82.2 107 
  30.0 124.1 91 91.8 114 
 4.0 1.0 68.4 91 68.5 104 
  7.5 88.0 94 77.1 107 
  15.0 106.9 94 81.5 107 
  30.0 136.0 100 89.6 111 
 5.6 1.0 75.1 100 66.0 100 
  7.5 94.0 100 72.0 100 
  15.0 113.4 100 76.8 100 
  30.0 136.2 100 80.8 100 
 7.0 1.0 75.1 100 65.0 98 
  7.5 92.9 99 73.1 101 
  15.0 113.0 100 77.0 100 
  30.0 134.4 99 77.4 96 
       
Rich 2.5 1.0 107.1 81 77.4 115 
  7.5 129.1 82 75.6 105 
  15.0 152.4 88 89.5 103 
  30.0 185.0 100 94.2 111 
 4.0 1.0 118.6 90 91.0 109 
  7.5 143.4 91 97.7 104 
  15.0 168.7 97 102.9 108 
  30.0 188.7 102 112.9 115 
 5.6 1.0 131.8 100 86.0 100 
  7.5 157.4 100 96.1 100 
  15.0 174.0 100 108.2 100 
  30.0 184.5 100 117.5 100 
 7.0 1.0 137.2 104 78.3 96 
  7.5 159.3 101 92.7 96 
  15.0 175.2 101 99.5 95 
  30.0 182.5 99 102.0 95 
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Figure captions 
 
Figure 1. Panels A to D: Comparison between simulated values of four variables of biomass and litter 
(top four panels and field values reported by Tian (2003) and Rong et al. (2008) for a Chinese fir 
plantation with a 50-year rotation in a rich site in SE China with low levels of N deposition and rainfall 
pH of 5.6. Panel E:  Observed and predicted organic matter at the end of the 2
nd
 and 3
rd
 20-year rotations, 
relative to the 1
st
 rotation. Panel F: Observed and predicted C:N ratio at the end of the 2
nd
 and 3
rd
 20-year 
rotations, relative to the 1
st
 rotation  Observed soil data calculated from Zhang et al. (2004) and Cheng and 
Wang (2007). 
 
Figure 2. Combined effects of acid rain and N deposition on accumulate harvested aboveground biomass 
(stem only harvesting; top panel), harvestable volume (stems with diameter at 1.30 m height > 7.5 cm; 
medium panel), and N leaching losses (bottom panel), after 60 years of management of at two sites of 
different quality. 
 
Figure 3. Evolution of aboveground biomass in Chinese fir plantations established in rich and poor sites 
with four different N deposition rates and four levels of rain pH. 
 
Figure 4. Evolution of soil organic matter in Chinese fir plantations established in rich and poor sites with 
four different N deposition rates and four levels of rain pH. 
 
Figure 5. Evolution of ecosystem carbon in Chinese fir plantations established in rich and poor sites with 
four different N deposition rates and four levels of rain pH. 
 
Figure 6. Evolution of nitrogen leaching losses in Chinese fir plantations established in rich and poor sites 
with four different N deposition rates and four levels of rain pH. 
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